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Abstract

Purpose: MR images have better soft tissue contrast and introduce no ionizing radiation
dose to patient compared with CT images. MRI-based treatment planning for liver SBRT
has the potential to contour a more precise target volume and reduce radiation dose to
normal tissues. Considering the tumor motion, in this study we investigated the motion
management strategy workflow. We also evaluated the dose error in MRI-based
treatment planning for liver SBRT and the feasibility of slice-stacking method to
generate internal target volume (ITV) in the workflow.

Methods and Materials: Five liver SBRT treatment plans were used to evaluate the dose
errors caused by CT number assignment and MR geometric distortion. A bulk CT
number was assigned to different structures manually contoured on CT images and MR
geometric distortion was simulated on CT images to evaluate the dose errors. In
addition, we used 4D XCAT digital phantom with regular and patient breathing
motions to test the slice-stacking method to generate maximum intensity projection
(MIP). The slice-stacking method is to generate MIP by determining the maximum pixel
intensity throughout all scanning images instead of throughout 10 phases from Four-
dimensional magnetic resonance imaging (4D-MRI). A simulation patient study was
designed to test the workflow, and the dose error was calculated between MRI-based

treatment plan and CT-based treatment plan.
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Results: The dose error caused by CT number assignment uncertainties and MR
geometric distortion was generally small (< 1Gy), except for large geometric distortion (>
3mm). Using slice-stacking method, the DSC of ITV was > 0.99 and the relative ITV
volume difference was < 1.5% when using 5 repeated scanning images with regular
breathing motion to reconstruct MIP. For patient’s breathing motion, when using 5
repeated scanning images to reconstruct MIP, the mean DSC of ITV is larger than 0.97
and the relative ITV volume difference is nearly 4%. In the patient study, for the patient
with larger tumor motion, the PTV maximal dose error, minimal dose error and mean
dose error was -0.75Gy, 4.90Gy and 0.00Gy. For the patient with smaller tumor motion,
the PTV maximal dose error, minimal dose error and mean dose error was 0.36Gy, -
2.25Gy and -0.09Gy, respectively.

Conclusions: The workflow of motion management strategy for liver SBRT has been
developed based on a simulation patient study. In this workflow, the dose error is
generally small and it is feasible to generate a fast clinically acceptable ITV using slice-

stacking method.
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1. Introduction

1.1 Overview of Liver Stereotactic Body Radiation Therapy
(SBRT)

The American Cancer Society estimates that in 2017, about 40,710 adults (29,200
in men and 11,510 in women) in the United States will be diagnosed with primary liver
cancer [1]. Even though the primary liver cancer has a high incidence, liver is a most
common site of metastases [2-5]. Nearly 70-90% of liver metastases cannot be resected
through surgeries [3]. The role of radiotherapy for liver cancer has been limited due to
radiation toxicity to non-target tissues. Recent advances in radiation technology,
particularly stereotactic body radiotherapy (SBRT) [6-8], have been shown to
substantially improve local control rates of liver tumors but suffers from high toxicity
rates of surrounding normal tissues. Compared with conventional radiation therapy
with a low fractional dose (~2 Gy/fx), SBRT provides a substantially greater cell-killing
effect using very high fractional dose (10-20 Gy/fx) [9-10]. This renders excellent local
tumor control, with rates > 90% if adequate radiation dose is delivered [11]. Sharper
dose fall-off at the edge of target requires SBRT to have precise contouring of target
volume and organs at risk (OARs). Advanced imaging techniques such as four-
dimensional computed tomography (4D-CT) and magnetic resonance imaging (MRI) are

commonly used to reduce uncertainties in tumor volume contouring. These image



guidance techniques help to improve dose conformity to tumor and dose sparing to

OARs in SBRT.

1.2 Challenges for Current Liver SBRT Technique

Current liver SBRT technique uses CT images for treatment planning, which has
been shown to have unique challenges due to its low soft tissue contrast and subsequent
inability to accurately determine tumor volume and tumor motion in the abdomen [12-
18]. In current liver SBRT treatment planning, MRI is often fused to CT to assist the
contouring of target volume. For motion management, breath-hold or abdominal
compression are commonly used to reduce the effect of respiratory motion [19-23]. To
account for the registration uncertainties between CT and MRI, tumor motion and set up
uncertainties, large safety margins are typically applied to determine the planning target
volume (PTV) [24]. The large safety margin, however, increases the radiation dose to
OARs such as liver, chest wall and lungs. In summary, current CT-based SBRT
technique has significant limitations: 1) CT lacks sufficient tumor and soft-tissue contrast
for liver tumor applications; 2) 4D-CT, the current standard for respiratory motion
imaging, does not provide accurate information regarding tumor motion and tumor
volume during breathing due to poor soft-tissue contrast and temporal resolution; 3)

CT-based liver SBRT planning is inefficient, requiring multiple imaging scans and



additional planning efforts. This increases time, cost, and uncertainties of the planning

process. There is a clear need for improved liver SBRT technology.

1.3 MRI-based Treatment Planning

MRI is known to provide superior soft tissue contrast, while causing no ionizing
radiation dose to patient. It has been increasingly used in CT-based treatment planning
to assist tumor and OARs delineation in radiation therapy. MRI-based treatment
planning is an emerging technique that can potentially improve tumor volume accuracy
and dosimetry as compared to CT-based planning for certain cases. For example,
without the need to consider the registration uncertainties in defining the target volume,
the safety margin can be reduced, leading to more sparing to critical structures. MRI-
based treatment planning has been investigated and proved suitable for intracranial
lesions and prostate tumor [25-31]. Different from applications for intracranial and
prostate lesions, MRI-based treatment planning for liver SBRT presents a challenge

which is tumor motion.

1.4 Motion Management Strategy

Strategies for managing respiratory motion generally include free-breathing with
motion compensation, breath-holding, respiratory-gating, and real-time tracking. 4D

imaging is often performed as the first step of motion management to obtain



comprehensive information of tumor motion. Based on this, the motion management

strategy is selected and the target volumes are delineated, as shown in Figure 1.

4D Imaging | " | Imaging
Planning
Target Volume | Is tumor motion small (< 1 cm typically)? Treatment
| | I -
Yes No
all phases I - I
Free Breathing | | Can patient hold breath for > 20 s?
I I
Yes No
| ]
Breath Hold Does patient breathe regularly?
| Breath Hold Imaging . | |
Yes No
I I
hph
eachphase Real-time Tracking | Abdominal Compression
or Abdominal Compression Imaging l
gated phases ' '

Respiratory Gating

Figure 1: Motion management based on 4D imaging.

1.5 Aims of this work

The overall objection of this research work is to develop a novel liver SBRT
planning technique based solely on MRI. Compared to CT, MRI has many significant
advantages for radiotherapy planning, including superior tumor and soft-tissue
contrast, flexible imaging orientation, freedom from radiation exposure and real-time

imaging. MRI solely based liver SBRT will allow for more precise delineation of target



volume, less uncertainties in treatment planning, better motion management, and
potentially better treatment outcome. Our specific aims are:

Aim 1: Evaluate the dose errors cause by CT number assignment uncertainties
and MR geometric distortion in MRI-based liver SBRT treatment planning. To evaluate
the dose error caused by CT number assignment uncertainties, structures including
lungs, air, spine and soft tissue were manually contoured on CT images in Varian
Eclipse™ Treatment Planning System. A bulk CT number was assigned to different
structures and dose was calculated to compare with that calculated in the clinical
approved plan. To evaluate the dose error caused by MR geometric distortion, we
simulated distortion using two approaches. One was to simulate the distortion by
shrinking the body structure on CT images in Eclipse contouring, the other was to add
the distortion to CT images based on a phantom study measurement data. The dose was
calculated with distortion and compared to that calculated in the clinical approved plan.

Aim 2: Investigate the feasibility of using slice-stacking method [32] to generate
maximum intensity projection (MIP) images for fast clinically acceptable internal target
volume (ITV) segmentation. A 4D XCAT digital phantom with regular and irregular
motions was used to test the method.

Aim 3: Design a patient study to demonstrate the MRI-based motion

management strategy workflow. Based on the tumor motion range, we selected two



patients with a small tumor motion and with a large tumor motion to perform a
treatment planning. A dose-volume histogram (DVH) was used to display the dose

errors between CT-based treatment plan and MRI-based treatment plan.



2. Materials and Methods
2.1 Clinical Workflow

Cine MR
Images

Tumor Motion
Range (R
R > Threshold (T) R £ Threshold (T)
A 4 A 4
Breath Hold/ Free
Compressor Breathing_
v A 4
3D MR 4D-MRI
Images
v
AIP, MIP
A 4
Contouring
A 4
CT Number
Assignment
v

Dose
Calculation

Figure 2: Workflow of MRI-based motion management strategy for liver
SBRT.

This study aimed to develop a clinical workflow of MRI-based motion
management strategy for liver SBRT. The workflow is shown in Figure 2. For tumor
motion assessment, we need to take real-time cine True-FISP 2D sequence (known as

TF2D) MR images. The cine MR images are used to determine the tumor motion range



(R). A clinical tumor motion range threshold is defined as T. If R > T, we will perform a
breath-hold treatment or use an abdominal compression device on patient during the
planning and treatment. Then the patient’s 3D breath-hold MR images are taken and
imported into Eclipse for contouring and treatment planning. If R < T, a free-breathing
treatment is preferred. To generate MIP and AIP, patient needs taking a sequential
HASTE 2D sequence MR images. Then the MIP for ITV contouring, and the AIP for
OARs contouring and dose calculation are generated by the slice-stacking method.
There are two limitations for MRI-based treatment planning, one is the lack of CT
number and the other is the MR geometric distortion. To verify these limitations, we
investigated the dose error caused by CT number assignment uncertainties and MR
geometric distortion. In addition, we investigated the feasibility of Slice-Stacking
method to generate AIP and MIP. A patient study was performed to investigate the dose

errors in this workflow by using MRI-based treatment planning for liver SBRT.

2.2 Dose Errors Analysis

Since MR images have no electron density and geometric distortion, these
limitations will cause dose error when using solely MR images for treatment planning.
In this study, we investigated the dose error caused by CT number assignment
uncertainties, by MR geometric distortion and by their combined effect. To minimize the

variables in the comparison, we used CT images duplicated from original clinical



approved plan to investigate the dose error. Using CT images instead of MR images for

dose errors analysis can prevent the uncertainties caused by registration.

2.2.1 CT Number Assignment Uncertainties

One limitation of MRI for treatment planning is the lack of electron density,
without which the dose distribution cannot be calculated. To quantify the dose error, we
applied the Bulk CT Number Assignment Method [27-28], [33-35]. We manually
contoured different organ structures in MRI and then assigned a corresponding bulk CT
number to different structures. Firstly, a homogeneous dose calculation was performed
to investigate the feasibility of this method. We assigned the body structure on CT
images with 0 HU in Varian Eclipse™ Treatment Planning System. Dose calculation was
performed using the same plan parameters and dose calculation algorithms of original
clinical approved plan.

Dose volume histogram (DVH) parameters were collected from the simulated
plan and compared to those in the original plan. For gross tumor volume (GTV) and
planning target volume (PTV), we collected the dose received at 95% of total target
volume (Dss%) and the dose received at 5% of total target volume (Ds%). For serial organs,
such as spinal cord, stomach and bowel, since it will be damaged if one of its sub-
volume is damaged, we investigated their maximum dose. And for parallel organ such
as liver, it will lose its functionality only if all sub-volumes of the organ are damaged.

Since the risk is proportional to the mean radiation dose livered to the normal liver



tissue, we collected the liver mean dose and the volume of liver received 30%
prescription dose (Vso%). The dose and volume error was calculated by taking the
difference absolute value between the simulated plan and original plan.

Five liver SBRT plans were used to verify the dose error. Tissue segmentation
was performed manually on CT images in Eclipse. Patient anatomy was segmented into
bone, lungs, air and soft tissue. To acquire the CT number for dose calculation, we
rounded the average CT number of each organ structure from five original plans. The
average CT number for air, lungs, spine and soft tissue is -850 HU, -700 HU, 0 HU and
225 HU, respectively. Then we assigned -850 HU to air structure, -700 HU to lungs
structure and 0 HU to soft tissue structure. For spine structure, considering the blurry
edgy of bony structure in MRI, we extended the spine structure 0.5 mm to lateral and 1.0
mm to posterior (avoiding the lung structure). Dose calculation was performed using
the same plan parameters and dose calculation algorithms of original clinical approved

plan.

2.2.2 MR Geometric Distortion

In MRI-based treatment planning, the other limitation is the system related
distortions, mainly caused by the inhomogeneity in the main magnetic field (Bo) and the
nonlinearities of the gradient coils. Considering MR geometric distortion, we simulated
distortions in Eclipse contouring and based on the distortion measurement data from a

phantom.
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2.2.2.1 MR Geometric Distortion Simulation in Eclipse contouring

In Eclipse contouring, distortions were generated by shrinking the body
structure from 2 mm to 5 mm. Simulated distortions were generated in five original liver
SBRT treatment plans. Dose calculation was performed using the same plan parameters
and dose calculation algorithms of original clinical approved plan. The dose error
caused only by MR geometric distortion (without CT number assignment) and cause by
both MR geometric distortion and CT number assignment uncertainties were
investigated. DVH of PTV, GTV and critical organs were collected to evaluate dose
errors compared to that in CT-based treatment plan.
2.2.2.2 MR Geometric Distortion Simulation based on a phantom study

The geometric distortions simulated by shrinking body structure was too simple
to characterize the geometric distortion. To improve the assessment and characterization
of 3D geometric distortion, we studied and extracted the distortion data on a phantom
study from the measurement work of Tarraf Torfeh (2016) [37-38]. The phantom in the
measurement was made of foam blocks covering 50 x 50 x 50 cm?® imaging volume. Since
most of the distortion occurs at the edge of the imaging volume, the central 40 cm
diameter of the phantom was filled with markers with 5 cm spacing and the outer 5 cm
rim was filled with a denser spacing of 2.5 cm. 2D and 3D sequences taken in this study
are shown in Table 1. All the sequences are identical to those used for RT applications.

Distortion measured from all sequences were averaged.

11



Table 1: 2D and 3D sequences in the phantom study.

Series Time
Axdial T1 FSE 12min 32 s
2D
Axdial T2 FRFSE 4 min 53 s
CUBE T1 5min 53 s
3D CUBE T2 22 min 29 s
T1 3D SPGR 17 min 29 s

With MR images, seeds were determined by user specified threshold. The
diameter of the seed is 6mm, then the set of pixels connected to that seed was calculated
and the seed was filtered out if the number of its connected pixels is less than 10. With
the known positions from CT gold standard control points, geometric distortion could
be calculated by establishing a one-to-one correspondence between control points in the
MRI and known positions from CT images. The in-plane distortion was calculated as the
average of the distortion along the X and Y directions while the through-plane distortion
was calculated along the Z direction. Vendors provided geometric distortion correction
algorithms. For in-plane distortion, 2D correction can provide a good distortion
reduction. But for though-plane distortion, 3D corrections are needed. Table 2 shows the

measured in-plane and through-plane distortion magnitude.
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Table 2: In-plane and through-plan mean distortion with correction.

Distance to Center (mm) 100 150 200 250
In-plan Mean Distortion (mm) 0.33 0.35 0.51 1.95
Through-plan Mean Distortion (mm)| 0.35 0.51 0.72 1.77

3D geometric distortion map was generated by fitting based on the measured in-
plane distortion and through-plane distortion. We first calculated radial distance from
each pixel to center (z=0, x =0, y = 0). Based on the radial distance of each pixel,

simulated MR geometric distortion Dissi» could be obtained from:

Dissim(r) = \/Dism(?")z + Dis¢pr (1)
where Disin(r) represents the mean in-plane distortion magnitude at radial distance r and
Disur(r) represents the mean through-plane distortion magnitude at radial distance r.

3D geometric distortion was added to the 3D-CT images. Dose errors were
investigated by simulating the following scenarios: dose calculation with distortion
(without CT number assignment) and dose calculation with CT number assignment and
distortion. Dose calculation was performed using the same plan parameters and dose
calculation algorithms of original clinical approved plan. DVH of PTV, GTV and critical

organs were collected to evaluate dose errors compared to CT-based treatment plan.
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2.3 Slice-Stacking Method

Four-dimensional magnetic resonance imaging (4D-MRI) is desirable for target
volume delineation in treatment planning since it provides respiratory motion
information and better soft tissue contrast for radiation therapy. In free-breathing liver
SBRT, 4D-MRI can be used to generate MIP (MIP4p-mri), which is for ITV determination.
However, the 4D-MRI is limited to the patient breathing regularity and reconstruction
method, leading to the incomplete ITV in MIPsp-vri. In addition, a 4D-MRI scan
acquisition time is long, typically requiring 15-20 repeated scans (10-15 minutes). These
limitations of MIP4p-vrican be potentially overcome by using slice-stacking MRI (SS-
MRI), which applies a multi-slice sequential MRI acquisition to generate a 3D-MIP
(MIPss-mri) for ITV contouring, and to generate a 3D-AIP (AIPss-vrr) for OARs contouring
and dose calculation.

For 4D-MRI, the MIP images are generated by determining the maximum pixel
intensity throughout all 4D phases. In this study, SS-MRI can be generated without
sorting 4D images. Using slice-stacking method, MIP is generated by determining the
maximum pixel intensity throughout all scanning cine 2D images instead of images
from all 4D phases.

In this study, we used 4D XCAT digital phantom to generate a sequential HASTE
2D sequence MR images with a regular breathing curve and a realistic patient breathing

curve. For the regular breathing curve, the breathing period is 3.1s and the sampling

14



frequency to take image is 0.77s. The tumor diameter is 50 mm. The maximum
diaphragm motion range is 1 cm and the anterior-posterior (AP) motion range is 0.5 cm.
The total repeated scans number is set to be 30. We used all scanning images to generate
a MIP as a reference, MIPrr. We took consecutive 15 repeated volumes to generate MIP
to analyze the relationship between Dice’s similarity coefficient (DSC) and the repeated
scans number, and the relationship between the relative ITV volume difference and the

repeated scans number. DSC and relative volume difference can be calculated as:

2X(Virv mOVirv, ref)
DSC(VITV,m :VITV,Tef) = v e
ITV.m™YITV, ref

VITV,:V'B;' - VITV;?TI

VolDiff % = x 100%

V{I’U,?"sf

where, Virvm is the tumor voxel number of ITV in MIP generated with m repeated
scanning images and Vv, is the tumor voxel number of ITV in MIP generated with 30
repeated scanning images. Since we had total 30 scan volumes and took consecutive 15
repeated volumes to generate MIP, we could repeat 32 times to calculate DSC and
relative volume difference versus repeated scans. For the irregular breathing curve, the
sampling frequency to take image is 0.3s. The tumor diameter is 50 mm. The maximum
diaphragm motion range is set to be 1 cm, and the anterior-posterior (AP) motion range
is 0.5 cm. Total 16 scan volumes were required and 15 of them were used generate MIP.
For each patient breathing curve, we repeated 32 times to calculate the mean DSC and

mean relative volume difference versus repeated scans.
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2.4 Patient Study Design

To test the feasibility of the workflow of MRI-based motion management
strategies, a patient simulation study was designed. Ideally, a prospective study can
evaluate the proposed workflow and its dosimetric accuracy, compared with CT-based
liver SBRT. However, a direct comparison to clinical CT-based plan is meaningless as it
is unclear how the target volume and margin were determined initially. A retrospective,
simulated study was conducted instead to illustrate the feasibility and potential
dosimetric advantages of the proposed method. Assuming equivalent dosimetric
accuracy, only major difference between the two is the PTV, which is affected by safety
margin. For different tumor motion range, we designed a MRI-based liver SBRT
treatment plan with 5 mm margin to the target volume and a simulated CT-based liver
SBRT treatment plan with 8 mm margin to the target volume. The simulated CT-base
liver SBRT treatment plan was generated with larger safety margin, using same MR
images, and same target volume and critical structures.

A patient simulation study was designed based on the tumor motion range. For
patient 1 with tumor motion > T, we used the breath-hold HASTE 2D sequence MR
images for treatment planning. For this patient, the CT-based clinical approved plan,
which was treated with free breathing and with compressor, was set as a reference plan.
In the CT-based plan, 5 mm margin was added to GTV to generate PTV. In the MRI-

based plan, we also added 5 mm margin to GTV to generate PTV. In this simulation

16



study, we partly illustrated that the dosimetry accuracy of MRI-based planning should
there is no significant difference between the two plans.

For patient 2 with tumor motion < T, we used the sequential HASTE 2D sequence
MR images to generate MIP and AIP using slice-stacking method. ITV was contoured on
MIP and the other structures were contoured on AIP. For this patient, since the CT-
based clinical approved plan was treated with breath hold, to minimize the variables
between the CT-based plan and MRI-based plan, we simulated a CT-based breath-hold
plan by assigning CT number to breath-hold MR images. Considering the tumor motion,
set up uncertainties and registration uncertainties, we added 8 mm margin to GTV to
generate PTV. In this simulation study, we demonstrated the potential benefit of MRI-
based planning for more flexible motion management by allowing for free-breathing
treatment on certain patients. Critical structures include liver, chest wall, spinal cord and

stomach.
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3. Results

3.1 Dose Error cause by CT Number Assignment Uncertainties

For homogeneous calculation, Table 3 shows the dose error and percentage
volume error. The maximum dose error is 1.08Gy and the liver percentage volume V3o%
error is 0.40%. For dose calculation with CT number assignment, Table 4 shows the dose
error and percentage volume error. The maximum dose error is 0.75Gy and the liver
percentage volume Vsox error is 0.28%. The dose error caused by bulk CT number
assignment uncertainties was generally small (< 1Gy).

Table 3: Dose error and volume percentage volume for homogeneous dose

calculation.
Structures| Parameters (;) Sagyl) . (I;i)ag;) (I;(l)agj) (I;)ag;) (12)?2;) Average SD
ADos% (Gy) 0.71 1.78 NA 1.36 0.48 1.08 0.52
GTv ADs% (Gy) 0.25 0.94 NA 1.07 0.57 0.71 0.32
PTV ADos% (Gy) 0.22 1.01 1.52 1.29 0.62 0.93 0.46
ADs% (Gy) 0.14 0.38 1.32 1.03 0.39 0.65 0.45
Liver AV30% (%) 0.03 0.28 0.44 0.07 1.18 0.4 0.42
ADwmean (Gy)  0.01 0.01 0.06 1.9 0.02 0.4 0.75
Cord | ADwmax (Gy) 0.5 1.5 0 0 0.25 0.45 0.56
Stomach | ADwmax (Gy) 0.5 0 0 0.5 0.25 0.25 0.22
Bowel | ADwmax (Gy) 0 NA NA 0.5 0.5 0.33 0.24

*Prescription Dose
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Table 4: Dose error and volume percentage volume for dose calculation with
CT number assignment.

Structure | Parameters Plan 1 Plan2  Plan3  Plan4 = Plan 5 Average SD
(50 Gy)* (50Gy) (50Gy) (50Gy) (25Gy) &

CTV ADos% (Gy) 0.65 0.75 NA 1.36 0.23 0.75 0.4
ADs% (Gy) 0.27 1.05 NA 1.07 0.27 0.66 04
PTV ADos% (Gy) 0.22 0.69 0.59 1.29 0.43 0.64 0.36
ADs% (Gy) 0.14 0.76 0.7 1.03 0.13 0.55 0.36
AV3o0% (%) 0.03 0.12 0.1 0.07 1.07 0.28 04

Liver
ADwMean (Gy) 0.01 0.07 0.1 1.9 0.01 0.42 0.74
Cord ADwax (Gy) 0.5 0.5 0 0 0.25 0.25 0.22
Stomach | ADwmax (Gy) 0.5 0 0 0.5 0 0.2 0.24
Bowel ADwax (Gy) 0 NA NA 0.5 0.5 0.33 0.24

*Prescription Dose

3.2 Dose Error cause by MR geometric distortion
3.2.1 MR geometric distortion simulation by shrinking body structure

Figure 3 shows the dose error and percentage volume error cause by simulated
distortion, which is generated by shrinking body structure. The line and the black dot
inside the box represent the median and mean value, respectively. The blue boxes
represent the dose calculation with CT number assignment and distortion. The red
boxes represent the dose calculation only with distortion. The dose error was generally

small (< 1Gy) when the distortion was <3 mm.
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Figure 3(a-j). The relationship between average errors or percentage volume

error and thickness of distortion including following parameters: (a) PTV D95 error;

(b) PTV D5 error; (c) GTV D5 error; (d) GTV D95 error; (e) liver mean dose error; (f)

liver V30% error; (g) bowel max dose error; (h) cord max dose error; (i) stomach max
dose error; (j) percentage volume of prescription dose error.

3.2.2 MR geometric distortion simulation based on a phantom study

Based on the distortion measurement in a phantom study, Figure 4 shows the
distortion map from one slice of the patient images with 3D simulated distortion. The

distortion magnitude increases as the distance from the pixel to the center increases.
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Figure 5(a-c) shows the original CT image of one slice position, CT images added with
simulated distortion and intensity difference of these two images. We found that the
distortion at the surface of the body was obvious, while the distortion of the organs

inside the body could be neglected.

Figure 4: Distortion map.

Figure 5(a). Original CT image of one slice position. Figure 5(b). CT image of
one slice position added with simulated distortion. Figure 5(c). Intensity difference
between original image and image with distortion.
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Figure 6 shows the dose error and percentage volume error cause by simulated
distortion, which is generated based on a phantom study. The line and the black dot
inside the box represent the median and mean value, respectively. The blue boxes
represent the dose calculation with CT number assignment and distortion. The red
boxes represent the dose calculation only with distortion. Without CT number
assignment, it investigated the relationship between dose error or percentage volume
error solely caused by distortion. The dose error was generally small (< 0.5Gy). With CT
number assignment, it investigated the relationship between dose error or percentage
volume error caused by distortion and CT number assignment uncertainties. With CT

number assignment uncertainties, the dose error was generally small (< 1Gy).
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Figure 6(a-j). The relationship between average errors or percentage volume
error and simulated distortion based on a phantom study including following
parameters: (a) PTV D95 error; (b) PTV D5 error; (c) GTV D5 error; (d) GTV D95 error;
(e) liver mean dose error; (f) liver V30% error; (g) bowel max dose error; (h) cord max
dose error; (i) stomach max dose error; (j) percentage volume of prescription dose
error.

Since the MR geometric distortion is related to the distance from pixel to center,
the simulated distortion generated by shrinking body structure is larger than that from

distortion measurement in a phantom study. Comparing these two approaches to
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simulate MR geometric distortion, the dose error was similar. We calculated that for

those five liver SBRT patients, the average maximum simulated distortion is 2.77 mm as

shown in Table 5.

Table 5: The maximum simulated distortion.

Plan 1 Plan2 Plan3 Plan4 Plan5 Average

Maximum Distortion (mm) 1.69 2.04 3.23 3.44 3.44 2.77

Then we compared the dose error caused by measurement distortion and caused
by the simulated distortion by shrinking the body structure. Figure 7 and Figure 8 show
the dose error comparison with and without CT number assignment, respectively. The

line and the black dot inside the box represent the median and mean value, respectively.
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Figure 7(a-j). The relationship between average errors or percentage volume
error and simulated distortion without CT number assignment including following
parameters: (a) PTV D95 error; (b) PTV D5 error; (c) GTV D5 error; (d) GTV D95 error;
(e) liver mean dose error; (f) liver V30% error; (g) bowel max dose error; (h) cord max
dose error; (i) stomach max dose error; (j) percentage volume of prescription dose
error.
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Figure 8(a-j). The relationship between average errors or percentage volume
error and simulated distortion with CT number assignment including following
parameters: (a) PTV D95 error; (b) PTV D5 error; (c) GTV D5 error; (d) GTV D95 error;
(e) liver mean dose error; (f) liver V30% error; (g) bowel max dose error; (h) cord max
dose error; (i) stomach max dose error; (j) percentage volume of prescription dose
error.
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3.3 Slice-Stacking Method for ITV Contouring in MIP

For SS-MRI reconstruction by setting the maximum diaphragm motion range to 1
cm and the AP motion range to 0.5 cm, Figure 9 shows the relationship between the DSC
of ITV and repeated scans number. Figure 9(a) shows the DSC of ITV versus repeated
scans number and Figure 9(b) shows the mean, median and standard deviation of DSC
for different repeated scans number. Figure 10 shows the relationship between the
relative ITV target volume and repeated scans number, where Figure 10(a) shows the
relative ITV volume difference versus repeated scans number; Figure 10(b) shows the
mean, median and standard deviation of relative volume difference for different
repeated scans number. The red line and the black dot inside the box represent the
median and mean value, respectively. The mean DSC of ITV is larger than 0.99 and the
mean relative ITV volume difference is less than 1.5% when using 5 repeated scanning

images to reconstruct MIP.
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Figure 9. DSC of ITV versus repeated scans number with regular breathing
motion.
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Figure 11(a-b), (c-d), (e-f) show the DSC of ITV versus repeated scans number for
SS-MRI reconstruction with different patient breathing motion. And Figure 12(a-b), (c-
d), (e-f) show the relative ITV volume difference versus repeated scans number,
respectively. In Figure 11and Figure 12, 32 lines mean that we repeated 32 times to
calculate the DSC and relative ITV volume difference. Each line represents the MR
images generated using a different range of breathing curve from one patient. The
maximum diaphragm motion range was set to be 1 cm and the AP motion range was set
to be 0.5 cm. We tested this mothed by using three patients” breathing motion to

generate MR images.
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Figure 11. DSC of ITV versus repeated scans number with three patients’ breathing
motion.
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30



Form Figure 11 and Figure 12, we took the mean DSC and mean relative ITV
volume difference from each patient, and computed the mean DSC and mean relative
ITV of these three patients. Figure 13(a) shows the mean DSC from three patients
separately and Figure 13(b) shows the mean value and standard deviation of DSC from
three patients. Figure 14(a) shows the mean relative ITV volume difference from three
patients separately and Figure 14(b) shows mean value and standard deviation of
relative ITV volume difference from three patients. From Figure 13 and Figure 14, when
using 5 repeated scanning images to reconstruct MIP, the mean DSC of ITV is larger

than 0.97 and the relative ITV volume difference is nearly 4%.
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Figure 13. Mean DSC versus repeated scans number combined with three patients’
breathing motion.
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3.4 Patient Study

3.4.1 Margin design

The DVH of MRI-based treatment plans and CT-based treatment plans (with

larger safety margin) are shown in Figure 15 and Figure 16. The dose difference

between MRI-based treatment plans and CT-based treatment plans are shown in Table 6

and Table 7.
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Figure 15. DVH of MRI-based breath-hold plan and CT-based breath-hold

plan in margin design study.
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Table 6: Dose difference between MRI-based breath-hold plan and CT-based

breath-hold plan in margin design study.

Structure Parameters Difference

AD95% (Gy) 0.87

GTV
AD5% (Gy) 1.93
AD95% (Gy) 0.00
AVprescription Dose (%) 0.00
AD5% (Gy) 1.63

PTV
ADmax (Gy) 0.45
ADmin (Gy) -4.10
ADmean (Gy) 0.30
Liver ADMean (Gy) 2.95
Spinal Cord ADMax (Gy) 1.10
Stomach ADMax (Gy) 1.10
Chest Wall ADMean (Gy) 4.90
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Table 7: Dose difference between MRI-based free-breathing plan and CT-
based free-breathing plan in margin design study.

Structure Parameters Difference

AD95% (Gy) 0.38

GTV
AD5% (Gy) 1.22
AD95% (Gy) 0.00
AVprescription Dose (%) 0.00
AD5% (Gy) 1.07

PTV
ADmax (Gy) -0.36
ADmin (Gy) 3.02
ADmean (Gy) -0.27
Liver ADMean (Gy) 3.20
Spinal Cord ADMax (Gy) 0.70
Stomach ADMax (Gy) 0.70
Chest Wall ADMean (Gy) 2.25

3.4.2 Simulation patient study with tumor motion <T

For this patient, the PTV from MRI-based treatment plan is 126.8 cc and from CT-
based treatment plan is 201.0 cc. The DVH of MRI-based breath-hold plan and CT-based
free-breathing with compressor plan is shown in Figure 17 and the dose difference
between MRI-based plan and CT-based plan is shown in Table 8. Using MRI-based plan
for tumor motion > T, the dose of PTV is more conformal. The PTV minimal dose of

MRI-based plan is 4.9Gy high than that of CT-based plan and the PTV maximum dose of
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MRI-based plan is 0.75Gy less than that of CT-based plan. For critical structures, the

mean dose of liver and chest wall of MRI-based plan is less than that of CT-based plan.
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Figure 17. DVH of MRI-based breath-hold plan and CT-based free-breathing
with compressor plan.
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Table 8: Dose difference between MRI-based breath-hold plan and CT-based
free-breathing with compressor plan.

Structures Parameters Difference
AD95% (Gy) 0.46
GTV
AD5% (Gy) -0.12
AD95% (Gy) 0
AVprescription Dose (%) 0
AD5% (Gy) -0.14
PTV
ADmax (Gy) 0.75
ADmin (Gy) 49
ADmean (Gy) 0
Liver ADMean (Gy) -0.65
Spinal Cord ADMax (Gy) -0.8
Stomach ADMax (Gy) -0.8
Chest Wall ADMean (Gy) -9.25

3.4.3 Patient with tumor motion <T

For this patient, the PTV from MRI-based treatment plan is 369.5 cc and from CT-

based treatment plan is 292.7 cc. The DVH of MRI-based breath-hold plan and CT-based

free-breathing with compressor plan is shown in Figure 18 and the dose difference

between MRI-based plan and CT-based plan is shown in Table 9. Using MRI-based plan

for tumor motion < T, the PTV maximal dose error, minimal dose error and mean dose

error is 0.36Gy, -2.25Gy and -0.09Gy, respectively. For critical structures, the mean dose
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of liver and chest wall of MRI-based plan is less than that of CT-based plan. The liver

mean dose of MRI-based plan is 1.62Gy higher than that of simulated CT-based plan.
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Figure 18. DVH of MRI-based free-breathing plan and simulated CT-based
breath-hold plan.
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Table 9: Dose difference between MRI-based free-breathing plan and
simulated CT-based breath-hold plan.

Structures Parameters Difference
AD95% (Gy) -0.15
GTV
AD5% (Gy) 0.11
AD95% (Gy) 0
AVprescription Dose (%) 0
AD5% (Gy) 0.12
PTV
ADmax (Gy) 0.36
ADmin (Gy) -2.25
ADmean (Gy) -0.09
Liver ADMean (Gy) 1.62
Spinal Cord ADMax (Gy) 0.32
Stomach ADMax (Gy) 0.32
Chest Wall ADMean (Gy) -0.18
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4. Discussion

4.1 Interpretation of Results

In this study, we investigated the feasibility of MRI-based motion strategy for
liver SBRT. The dose error in MRI-based treatment planning caused by CT number
assignment uncertainties and MR geometric distortion was investigated. The MR
geometric distortion used to evaluate the dose error in this study was a simulation. We
tried to use a more realistic geometric distortion, but due to the chemical shift effect,
different MR scanners and different vendor correction algorithm, we cannot verify the
effect of all distortions on the MRI-based treatment planning dose calculation. We
simulated MR geometric distortion by shrinking the body structures and used the
measured distortion on a phantom scanned with a GE 1.5T MR-SIM scanner. Compare
these two approaches to simulate MR geometric distortion in Figure 7 and Figure 8, the
dose error was similar. Even though we cannot measure the realistic distortion for each
patient in every MRI scan, it is reasonable to simulated MR geometric distortion using
the two approaches to evaluate the dose error caused by MR geometric distortion.
Shrinking the body structure to simulate distortion was simple, but these figures show
that it is reasonable to simulate MR geometric distortion by shrinking the body
structure.

To investigate the feasibility of fast determining ITV based on slice-stacking of

the HASTE MR sequence, we tested the 4D XCAT digital phantom with regular and
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irregular motions. We concluded that using 5 repeated scanning images to generate MIP
can determine a clinically acceptable ITV. A patient study was performed to evaluated
the ITV when using 5 repeated scanning images. The ITV volume with 5 repeated
scanning images is 259.0 cc and with 20 repeated scanning images is 264.8 cc. The
relative volume difference error is 2.19%. From axial view and sagittal view in Figure 16,

the shape and position of ITV structure is generally consistent.

T=5 T=20

Figure 19. ITV in axial and sagittal view of MIP generated using repeated
scans number of 5 and 20.

MRI-based liver SBRT provides a better soft tissue contrast and a more precise
target volume contouring. Depending on tumor motion range, motion management
strategies were provided. For tumor motion > T, we proposed a MRI-based breath-hold

treatment planning. The dose distribution of PTV was more conformal compared to CT-
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based treatment planning. And the radiation dose to OARs including liver, spinal cord,
lungs and chest wall was less. It verified that it is feasible to using MRI-based breath-
hold treatment planning for liver SBRT, in which the tumor motion is > T. For tumor
motion < T, we cannot directly compare the dose distribution from MRI-based free-
breathing treatment planning with that from CT-based treatment planning, since the
original CT-base plan was treated with breath-hold. To investigate the dose error
between MRI-based free-breathing plan with 5mm margin and CT-based breath-hold
plan with larger margin (8mm), we should compromise to simulate a CT-based plan,
minimizing the variables in the comparison. Therefore, the simulated CT-based plan
was generated by duplicating breath-hold MR images and by adding 8mm margin to

GTV.

4.2 Concerns and Limitations

For MR geometric distortion simulation, we just consider the distortion at the
surface of the body. Even though from Figure 5(c), we found that the largest distortion
occurs at the surface of the body, the organs inside the body still have distortion. If the
tumor is closer to the center of the image, the distortion can be neglected. However, if
the tumor is closer to the surface, due to the distortion, a larger margin may need to be
considered for GTV contouring. In this study, we did not consider the distortion of the

organs.
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The feasibility of fast clinically acceptable ITV using slice-stacking method has
also been investigated. We used the 4D XCAT digital phantom to test this method. A test
based on the patient MR images should be included to verify the feasibility. However,
the ITV contouring in Eclipse varies based on the physicians and image quality. We
cannot find a precise relationship between relative volume difference and repeated scans
number. Therefore, we just contoured the ITV in MIP generated using 5 repeated
scanning images and compared it to the ITV in MIP generated using total 20 repeated
scanning images. In addition, for MR images generated with patient breathing curve,
we just investigated the slice-stacking method using three patients” breathing curve.
More patients need to be studied to prove the feasibility of the method. For slice-
stacking method, the DSC and relative ITV volume difference depends on the tumor
size. If the tumor size is small, we expected that the DSC would be smaller and relative
volume difference would be larger, when using 5 repeated scanning volumes to
reconstruct MIP. More tumor size simulation should be studied to investigate the
relationship between DSC and tumor size, and between relative volume difference and
tumor size.

For patient simulation study, the margin added to GTV/ITV could not be
specifically determined. Factors including organ motion, the confidence in target
volume contouring and liver volume size need to be considered when determining the

safety margin to target volume. Table 10 shows the margin added to target volume in
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clinical CT-based liver SBRT treatment planning. The margin added to GTV in breath-
hold plans varied from 2 mm to 11 mm and the margin added to ITV with abdominal
compressor is consistent (5 mm). There are few treatment plans performed with free
breathing. There is only one case among 19 patients and the margin added to ITV is 12
mm. It is difficult to determine the margin added to the MRI-based treatment plans and
CT-based treatment plans, therefore, a direct dosimetric comparison is meaningless. We
cannot perform a prospective patient study to evaluate our proposed workflow.

Therefore, a retrospective simulation study was conducted instead.
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Table 10: Safety margin added to target volume in clinical CT-based liver
SBRT treatment planning

Breath Hold With Compressor ~ Free Breathing
Patient 1 5 mm
Patient 2 5 mm
Patient 3 2 mm
Patient 4 8-9 mm
Patient 5 10-11 mm
Patient 6 5 mm
Patient 7 5 mm
Patient 8 3-4 mm
Patient 9 8 mm
Patient 10 6-7 mm
Patient 11 5 mm
Patient 12 7-8 mm
Patient 13 5 mm
Patient 14 5 mm
Patient 15 5-6 mm
Patient 16 5 mm
Patient 17 5 mm
Patient 18 5 mm
Patient 19 11-12 mm

For MRI-based treatment plan, we need to manually contour OARs. Since MR

images has low contrast in bony structure, the contouring of bony structure was unclear,
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causing dose error in dose calculation. For bony structure segmentation, the MR images
fusion technique could be helpful for automatic segmentation, which provides a more
precise dose distribution and saves time compared with manual contouring.

We finally used two patients to test the feasibility of the MRI-based motion
management strategies workflow. However, we cannot compare the dose between MRI-
based treatment plan and CT-based treatment plan of liver tumor patient because of too
many uncertainties considered in those plans. The uncertainties include positioning,
tumor motions and contouring uncertainties in different modalities. One limitation of
this study is that it should include a phantom study to investigate the dose error
between MRI-based plan and CT-based plan. A CIRS MRI-LINAC dynamic phantom
could be used for the dose distribution comparison between CT-based treatment plan

and MRI-based treatment plan.
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5. Conclusions

In this study, a clinical workflow of MRI-based motion management strategy for
liver SBRT was proposed. In this work follow, the motion management strategy was
designed based on the tumor motion range. For tumor motion > T, 3D HASTE breath-
hold MR images were used for treatment planning. 5 mm margin was added to GTV to
generate PTV and a bulk CT number was assigned to different structures for dose
calculation. For tumor motion < T, MIP was generated from sequential HASTE 2D
sequence MR images using slice-stacking method. We verified that it is feasible to
quickly generate clinically acceptable ITV using slice-stacking on sequential HASTE 2D
MR images and the imaging time is 2-3 times less than that of 4D-MRI. Then 5 mm
margin was added to ITV to generate PTV and a bulk CT number was assigned to
different structure for dose calculation. Dose calculation errors caused by CT number
assignment uncertainties and MR geometric distortion was < 1Gy. This workflow has

been developed based on a patient study.
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Appendix — List of Abbreviations

SBRT — Stereotactic Body Radiation Therapy
MIP — Maximum Intensity Projection

AIP — Average Intensity Projection

MRI - Magnetic Resonance Imaging

DVH - Dose Volume Histogram

GTV - Gross Tumor Volume

ITV - Internal Target Volume

PTV - Planning Target Volume

HU - Hounsfield Unit

OAR - Organ at Risk

Dice’s similarity coefficient - DSC

4D-MRI - Four-dimensional magnetic resonance imaging

4D-CT - Four-dimensional computed tomography
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